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ABSTRACT
Recent decades have witnessed the discovery of a wide variety of nanomaterials.
These nanomaterials vary from zero-dimensional nanodots to three-dimensional
nanoflowers. However the properties of these nanomaterials have not been fully explored.
A majority of the nonmaterials discovered so far are inorganic. There is little information
about nanomaterials which are entirely based on organic compounds. Therefore this
thesis focuses on the synthesis of two-dimensional nanosheets based on organic
frameworks.
In this study, a number of two-armed and three-armed carboxamides and
carbamates have been synthesized, characterized and self-assembly process was studied.
The self-assembly of these amides and carbamates were studied in a large number of
single solvents as well as combination of solvents. Two-armed amides and carbamates
having aromatic cores are found to have poor solubility in all but DMF and DMSO. The
two-armed amides and carbamates having linker alkyl chain are found to have good
solubility and crystal formation in a few solvents, but the quality of the crystal is not
good enough for the XRD analysis.
The polar solvents along with a trace amount of water are found to be more
effective in getting perfect crystals of three-armed carbamates for X-ray crystallography.
Carbamates with side-arms of three carbons and a cyclohexyl ring form perfect quality

xix

crystals in EtOAc, MeCN, and THF:H2O. In the process of growing single crystal
several crystallization techniques were used. Slow evaporation process is found to be
more efficient in getting good quality crystal.
The crystal structures of carbamates have been determined as a part of the
project .The morphology of the nanosheets was also studied by the transmission electron
microscope (TEM). The TEM image of the carbamates reveals that its morphology is
two-dimensional sheet. Additionally, data from powdered XRD have also revealed the
formation of same or similar crystalline isoform from a variety of conditions.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Nanotechnology
Nanotechnology is a technology that deals with small structures and small size
materials. Prefix nano means one billionth or 10-9; therefore, one nanometer is one
billionth of a meter. The properties of matter depend on chemical composition and size of
the constituent particles. Thus the properties of a substance change drastically at the scale
of nanometers. This is one of the reasons for growing interest of scientists in the field of
nanoscience. In recent years there has been a lot of research in the field of
nanotechnology and it is regarded as one of the major technologies for the near future.1
The last few decades have witnessed an exponential growth in the field of
nanotechnology as a result of which there has been tremendous interest of many chemists
in the field of nanotechnology from all around the world. A large number of research
articles published every year about the synthesis of various nanoarchitectures.
There are a few approaches that have been employed to synthesize these
architectures that include metal organic frameworks and covalent organic frameworks.
Besides chemistry, nanotechnology has gained attention from many areas of science like
biology, engineering, physics, and material science as well. One of the reasons behind the
growing interest of scientists in nanotechnology is that materials and devices with

1

components of nanometer size may be inherently lighter, can use less power, and have
enhanced performance.2
1.2 Nanoarchitectures
Nanostructures are the assemblies of bonded atoms that have the dimension of 1
to100 nanometers.3 Thus the structures that have the dimension of 1 to 100 nanometers
are considered to be nanostructures. A large number of nanoarchitectures, ranging from
zero-dimensional (nanodots) 4 to three-dimension nanoflowers5 have been discovered in
recent decades. These nanostructures have been reported to have application in many
fields like medicines, optoelectronics, and energy conversion, etc. Over the past decades,
the discoveries of fullerene,6 carbon nanotubes,7 thiols on gold nanotubes,8 and
surfactant based synthesis of various nanostructures have revolutionized the scientific
world.
The carbon nanotube is one of the earliest nanoarchitectures discovered by
scientists7 of material science. Since the discovery of carbon nanotubes, there has been
large scale development in nano-scale carbon materials.9 Carbon nanotubes are of
cylindrical shape and have unique properties that make them potentially useful in a
variety of applications in nanotechnology, electronics, optics, and other fields of material
science.10 Nanotubes also exhibit extraordinary strength and unique electrical properties.
1.3 Molecular Ladders
Molecular Ladders are one-dimensional solid-state networks11 that exhibit good
solubility. The framework of molecular ladders consists of a mix of finite and infinite
self-assembly processes. Hartley et al.12 have demonstrated the self-assembly of m2

phenylene ethylene oligomers into [n]-rung molecular ladders by using dynamic covalent
chemistry.13 The rungs are constructed upon imine bond formation in CHCl3 between an
oligomer bearing n-aldehyde function and a complementary oligomer functionalized with
n-amino groups. A recent study by Huang et al.14 have revealed the formation of
molecular ladders consists of macrocyclic platforms of zinc complexes and 4,4’bipyridine building blocks. Molecular ladders based on porphyrin15 and aromatic amide16
have also been reported.
1.4 Two-dimensional Nanoarchitectures: Nanosheets
The Nobel Prize in physics for 2010 was awarded to Andre Geim and Konstatin S.
Novoselov, for the ground breaking discovery of two-dimensional crystalline graphene.17
This sheet structure of graphene has unique properties, which make it interesting for
future applications. In recent years, many research groups around the world are working
in the field of synthesis of nanosheets. Nanosheets are two-dimensional
nanoarchitectures, which are highly ordered and are of crystalline nature. They are found
to exhibit peculiar physical and chemical properties associated with their thickness at a
nanometer range.18 Nanosheets possess nanoscale features in the x-y plane and single or
limited atomic layers in the z-axis.19 Nanosheets can be useful in separating molecules as
either a membrane barrier or as a sieve. The two-dimensional sheet structure of graphene
is shown in Figure 1.

3

Figure 1. Bright-field TEM image of a suspended graphene membrane. Its central part
(indicated by arrows) is monolayer graphene.17

Among several types of nanostructures, the two-dimensional structures are
entities having planar dimensions that are at least few orders of magnitude greater than
their thicknesses and possessing high degree of anisotropy.20 The two-dimensional
molecular organization is a consequence of a unique bi-axial hydrogen bond network
between molecules. These two dimensional molecular structures or supramolecular
structures are formed by the self-assembly of atoms, molecules or ions. Sokolov et al.11
have proposed that the development of reliable and robust synthetic routes leading to
periodic covalent molecular sheets with rigorously proven structures would open up a
unique structural, analytical, technological, and theoretical aspect on the natural sciences
and technology. Fabrication of nanomaterials with controlled size and morphology is of
great interest for material chemist for their importance in scientific research and potential
technological applications.21
The unique property of nanosheets can be revealed from the fact that they often
form regular layer structures. It has been predicted that nanosheets can accommodate
4

drug molecules within their interlayer spaces and can be used for biomedical
applications.22 Rigid two-dimensional organic oligomers and polymers having sheet type
of morphology could be employed as a model compound for the formation of new
composites. These new two-dimensional nanoarchitectures may be very interesting in
light-harvesting applications of organic semiconducting molecules.23
The two-dimensional covalent organic frameworks can spontaneously assemble to
form macroscopic three-dimensional porous polymers.24 Thus to prevent the assembling
into three dimensional organizations and to obtain two-dimensional nanoarchitectures is a
challenging work. Zhang et al.19 have predicted that it is possible to peel away a thin
layer of two-dimensional covalent framework from a stacked three-dimensional system to
generate novel functionalized organic nanosheets. A greater-scope study focusing on the
synthesis of nanosheets have revealed that two-dimensional covalent frameworks can be
synthesized via the condensation or coupling of certain functional groups.25,26,27 Some
research group have also reported the synthesis of a novel microporous poly isocyanurate
material by the cyclotrimerization of 3,3’-dimethoxy-4,4’-biphenylenediisocyanate over
an N-heterocyclic structure.28 The same group has also reported the synthesis of ultra-thin
free standing organic nanosheets by the self-assembly of organic molecules. Another
recent study by Borras et al.23 have revealed that nanosheets can be grown from the
nanowires.
The research groups of S. D. Feyter29 have demonstrated the synthesis of twodimensional nanoarchitectures consists of hub, spoke, and rim subunits, based on the
rigid building blocks. Most of the two-dimensional nanosheets reported so far consist of
inorganic materials like metal oxide especially Zinc oxide and graphene-based
5

materials.17, 30, 31 Synthesis of highly crystalline zeolite nanosheets have been reported by
Kumar et al.32 In another recent study, aluminum doped ZnO nanosheets have been
synthesized by Liang et al.33 The used electrochemical deposition method was used to
synthesize the nanosheets. Mann and co-workers34 have reported the formation of
polymer hydrogels by noncovalent cross linkage of polyvinyl pyrrolidone. Boucher et
al.35 have synthesized silicate based nanosheets. These nanosheets are models for solid
nanocomposites.
Nanostructures of small organic molecules are of interest, due to their tunable and
optical properties. Especially the properties of nanomaterials, that greatly depends on the
material’s morphological features. Davis et al.20 have synthesized a class of bis-acylurea
based organogelators to form regular two-dimensional self-assembled molecular sheets.
The nanosheets they synthesized have a planar structure with width of a few micrometers
and thickness in the nanometric range. They also reported that the organization of
molecule in nanometer scale is due to the biaxial hydrogen bond network between the
molecules. Wang et al.36 have produced polyaniline nanosheets by using a biphasic
system having organic phase at the top and the aqueous phase at the bottom. The
nanosheet crystals were obtained at the interface of the two phases. Wang et al.37 have
synthesized porphorin nanosheets using a precipitation method. They prepared the
nanosheets by injecting 200 µL of 1.0 mM ethanolic solution of the substrate in 10 mL
of deionized water at room temperature. Another recent study by Matsui et al.38, 39 shows
that polymer nanosheets with two-dimensional hydrogen bonding network can be
prepared on planar substrates using a Langmuir- Blodgett technique.
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1.5 Applications of Nanoarchitectures
Nanotechnology has an extremely broad range of potential applications. In recent
years, many possible applications of nanomaterials have been explored and many devices
and systems have been studied. Hybrid nanomaterials fabricated by organic or inorganic
core have unique optical, electrical, magnetic and chemical properties.40 One-dimensional
nanostructures have promising applications in the field of optics, electronics and
optoelectronics. Nanostructures in the electronic syntems make devices fast and high
density information storage capacity.
The environmental application of nanotechnology includes the targeted delivery
of remediation agents, removal of hazardous contaminants, and novel membrane
structures for water filteration.41 Exfoliated zeolite nanosheets exhibits the properties of
molecular sieve and appropriate to be used as membranes. Water soluble organic
nanosheets are shown to have promising biological applications such as nanocarriers to
deliver hydrophobic molecules into living cells.
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CHAPTER 2
SYNTHESIS OF NANOMATERIALS
Nanomaterials are synthesized by two different approaches: Top-down and
Bottom-up. The top-down approach involves the successive cutting of large material to
produce nano-sized particles. The top-down method involves lithographic methods. This
approach is often applied by the physicist to synthesize nanomaterials. The reverse
process which involves assembling small particles like atoms or molecules to ordered
(nano) structures is called the bottom-up approach, and is the universally acceptable
approach to synthesize the nanoarchitectures (Figure 2).

Figure 2. Two approaches to nanostructures: top-down (left) and bottom-up (right).1
2.1 Bottom-up Approach
The synthesis of large polymer molecules is a typical example of bottom-up
approach. The bottom-up approaches involves the synthesis of material atom by
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atom, molecule by molecule, or cluster by cluster.42 This approach of self-assembly
provides a low-cost approach to large-area nanostructure fabrication. The bottom-up
approach is applied by chemists to fabricate nanomaterials. The formation of
nanostructures by the bottom-up approach is related with self-assembly processes of
constituting units.1 It is the most powerful means for the spontaneous and programmed
generation of nanoscale architectures.42
The process of self-assembly acquired its significance in the early 1940s, when
Bigelow, Pickett, and Zisman43 revealed that certain types of polar organic molecules are
adsorbed from solution in non-polar solvents to form well-oriented monolayers on
polished surfaces. Self-assembly is the process which generates structural organization of
the molecules at various scales. Self-assembly requires mutual recognition of the
fundamental units reserved as source in the structure (molecular) which associates
spontaneously to the ordered array. Self-assembly is ubiquitous in nature as well as in
chemistry. It represents a general approach to economically assembling atomically
precise structures out of atoms and molecules. Self-assembly is relevant to organization
of molecules on a substrate during fabrication of thin film organic electronic devices, the
friction and lubrication of solids, and the patterning of surface on the nanoscale.44
In self-assembly molecules are organized into a specific structure without the
guidance of an outside source. Assemblies of nanoparticles involve capillary forces,45
template directed patterining,46 and surface derivatization processes.47, 48 There are many
factors which determines the self-assembly of the molecules. Among various factors,
hydrogen bonding plays an important role in the design of self-assemblies.49 Hydrogen
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bonding is directional and one of the strongest intermolecular forces, a feature which is
the preferred choice of donor-acceptor species.
2.2 Crystal Growth
In the synthesis of polymer molecules, individual building blocks (monomers) are
assembled into a large molecule or polymerized into bulk material. Among several
bottom-up approaches, crystal growth is the most common and effective way to fabricate
larger molecules. Crystal structures determine key solid-state properties such as
bioavailability of pharmaceutical solids and the performance of electronic materials.50 An
enhanced solubility and dissolution rate can potentially increase drug bioaviailability.51
This is the key factor in the design of these drugs. The formation of a regular, crystalline
lattice is a fundamental process in self-assembly. This is also a method to convert
approximately 100 nm particles in to photonic material.52 In some cases, single
crystalline nanowires were grown by a crystallization process from the nucleation site at
its basic.23
In the formation of crystals, the growth species is either atoms, ions, or molecules
that are orderly assembled into a desired crystal structure on the growth surface. The
intermolecular bonding motifs common to three-dimensional crystals, such as hydrogen
bonding of carbamates display similar bonding patterns in the two-dimensional
structures.50 Carbamates have a few hydrogen bonding sites. The specificity of the
carbamates is that it has both donor and acceptor sites. This donor-acceptor site in the
molecule is pivotal in self-assembly of the molecules. The self-assembly is stabilized by
long hydrogen bonds between amide-NH and carboxyl-CO functionalities.53
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CHAPTER 3
SYNTHESIS OF TWO-ARMED AMIDES AND CARBAMATES
3.1 Goals of the Present Study
The synthesis of nanoarchitectures relies on two different strategies- top-down
and bottom-up. Engineers and physicists use a top-down approach to fabricate nano-scale
materials. Bottom-up approach is common strategy for the chemists to synthesize
nanoarchitectures. In present study, we applied and developed synthetic organic
chemistry to make functional nanomaterials. In the process of achieving the goal, a large
number of two-armed carbamates, two-armed amides, three-armed amides, and threearmed carbamates have been synthesized. The general structure of these compounds is
shown in Chart 1.
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Chart 1. General structures of compounds synthesized in the present study.
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These carbamates and carboxamides have hydrogen bond donor and hydrogen
bond acceptor sites which can self-assemble by means of non-covalent bonds to generate
nanoarchitectures. After synthesizing the compounds in the pure state, the self-assembly
behavior of the compounds in various solvents have been studied. In the process of
studying this self-assembly property, a number of solvents were used. In addition, the
varying combinations of solvents were used to alter the solubility of the compound. The
nanoarchitectures of the compounds were studied by TEM.
3.2 Synthesis of Two-armed Amides and Two-armed Carbamates
In the pursuit of the synthesis of nanoarchitectures, molecules having two arms
have been synthesized. The idea was that these two-armed molecules having conjugated
π-systems and hydrogen bonding sites may self-assemble into supramolecular structures
which could finally be locked by covalent bonds to form nanoarchitectures such as
supramolecular molecular ladders or nanoladders. The formation of a nanoladder would
be a two-step process.
In the first step, molecules having sites for hydrogen bonding would interact with
each other by noncovalent interaction (hydrogen bonds), which would ultimately result in
the formation of a supramolecular structure or crystals in the solid state. The formation of
a supramolecular structure or crystal by intermolecular hydrogen bonding is due to the
supramolecular self-assembly among the molecules. In the second step, towards the
formation of nanoladders, these assemblies or crystals would be locked by means of the
strong covalent bond formation between diene parts of the different molecules. The
resulting structure can be regarded as the ladder structure. The ladder structure consisting
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of functional groups would expect to offer novel organic molecular device as well as a
one dimensional molecular host. The expected assembly of the supramolecular structure
and nanoladder is shown in Scheme 1.
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Scheme 1. Proposed structure of nanoladder.
In the pursuit of synthesizing nanoarchitectures entirely based on an organic
framework, a family of molecules that would form predictable two-dimensional planar
arrays in crystalline state has been sought. The two-dimensional network was designed
by choosing molecules that would form one- or two-dimensional self-complementary
hydrogen bonded arrays oriented in orthogonal directions.54 In order to explore the
structural recognition and self-assembly properties of these bis-amides and tris-amides,
quite a few derivatives of amides with different spacer lengths has been synthesized. In
the process of synthesizing two-armed and three-armed amides, sorbyl chloride was
synthesized from sorbic acid by the literature procedure.55
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3.2.1 Synthesis of (2E,4E)-hexa-2,4-dienoyl chloride 1
The initial step in the synthesis of two-armed amides is to obtain an activating
group which can be incorporated into the central core of the amine group. In order to
obtain an activating group having a conjugated system, compound 1 was synthesized by
the reaction between (2E,4E)-hexa-2,4-dienoic acid and thinoyl chloride in the presence
of catalytic amount of DMF. The reaction was carried out at room temperature according
to the published procedure.55 Excess of thionyl chloride was removed by vacuum suction.
Compound 1 was purified by reduced pressure distillation at 78 °C. The procedure for the
synthesis of compound 1 is given in Scheme 2.
O

O

DMF (cat.)
SOCl2

OH

Cl

rt, 2 hr
89%

1

Scheme 2. Synthetic scheme of compound 1.
The work was initiated by synthesizing two-armed amides having an aromatic
core (2) as well as alkyl linker (3).The idea was that these amides having different central
core would self-assemble differently. The structure of the synthesized amides is shown in
Chart 2.
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Chart 2. Structure of two-armed amides.
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3.2.2 Synthesis of (2E,2'E,4E,4'E)-N,N'-(1,4-phenylene)dihexa-2,4-dienamide 2
Compound 2 was synthesized in 98% yield from the freshly prepared (2E,4E)hexa-2,4-dienoyl chloride 1 and commercially available benzene-1,4-diamine in MeCN
and a catalytic amount of TEA.56 The reaction was carried out from ice cold conditions to
room temperature. This compound was targeted due to the presence of a hydrogen bond
donor, hydrogen bond acceptor, conjugated side-arms, and an aromatic central core. The
synthetic scheme for compound 2 is shown in Scheme 3
O
Cl

H2 N

NH 2

O

MeCN, TEA (cat.)
ice cold, rt
R=

1

R

O
N
H

N
H

R

98%

2

Scheme 3. Synthetic scheme of compound 2.
3.2.3 Synthesis of (2E,2'E,4E,4'E)-N,N'-(ethane-1,2-diyl)dihexa-2,4-dienamide 3
During the study of self-assembly of compound 2, it was discovered that the
solubility of the compound is limited. It’s insoluble in most of the solvents. To enhance
the solubility of the amide, a new molecule having an alkyl chain in the core and amide
side chain was designed. It is interesting to see the effect of self-assembly of the amides
having alkyl core. In order to achieve our target we synthesize compound 3. Compound 3
was synthesized in 63% yield from the freshly prepared (2E,4E)-hexa-2,4-dienoyl
chloride 1 and commercially available ethane-1,2-diamine in CHCl3 and a catalytic
amount of TEA.57 The reaction was carried out from ice cold conditions to room
temperature. This compound was targeted due to the presence of a hydrogen bond donor,
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hydrogen bond acceptor, conjugated side-arms, and a central core containing alkyl
linkage. The solubility of the compound 3 was found to be very good in comparison to
that of compound 2. The synthetic scheme for compound 3 is shown in Scheme 4.
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Scheme 4. Synthetic scheme of compound 3.
The amides synthesized in the process do not self-assemble into good shapes.
Even after introducing the alkyl chain between the side arms, the molecule does not
organize into a defined geometrical shape. In the continuance of research, a new
molecule having an oxygen atom between the carbonyl group and the alkyl side-arm was
designed. The hypothesis was that this molecule would make some difference in the selfassembly behavior. The main idea was that incorporating an oxygen atom between the
carboxamide and alkyl side-arm would interfere with the hydrogen bonding pattern of the
molecule. This would ultimately results in the change in the self-assembly behavior of the
molecule. This extra oxygen atom makes the difference in the bond distance between the
carboxamide and the alkyl chain. In the process a few carbamates was synthesized. These
carbamates have alkyl chain, aromatic core, and cyclohexyl ring in the central core. The
structure of the carbamates is depicted in Chart 3.
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Chart 3. Structure of two-armed carbamates.

3.2.4 Synthesis of di(2E,4E)-hexa-2,4-dienyl 1,4-phenylenedicarbamate 4
The solubility of compound 2 was found to be poor. However, in spite of good
solubility, compound 3 did not self-assemble into a good quality crystal. As a result, it
was interesting to investigate the effect of introducing an extra oxygen atom to the
compound. In order to get the desired molecules having hydrogen bond donor and
hydrogen bond acceptor sites as well as an aromatic core and conjugated system in both
arms, compound 4 was designed. Compound 4 was synthesized in 76% yield from
commercially available (3E,5E)-hexa-3,5-dien-1-ol and 1,4-diisocyanatobenzene in
PhMe in the presence of a catalytic amount of pyridine by slight modification in the
literature procedure.58 The formation of compound 4 was confirmed by proton and
13

C{1H} NMR spectroscopy. The preparation Scheme for compound 4 is given in Table 1.
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Table 1. Synthesis of carbamates 4, 5 and 6

Alcohol

Isocyanate

Solvent Catalyst

Product

Yield%

OCN

NCO

PhMe

Pyridine

4

76

OCN

NCO

PhMe

Pyridine

5

84

PhMe

Pyridine

6

58

HO

OCN

NCO

3.2.5 Synthesis of di(2E,4E)-hexa-2,4-dienyl cyclohexane-1,4-diyldicarbamate 5
It is interesting to investigate the assembly of two-armed carbamates having a
cyclohexyl ring instead of an aromatic core. The three amide functions for the cyclohexyl
scaffold are pointed in the same direction; approximately perpendicular to the average
plane of the ring and generate perfectly self-complementary building units of O=C-NH
hydrogen bonds. The assembly of two-armed molecules having a cyclohexyl core has
been reported elsewhere.59 It was expected that the solubility as well as the self-assembly
behavior were going to be altered by incorporating a cyclohexyl ring in the middle
instead of an aromatic core. In order to get the desired molecules having hydrogen bond
donor and hydrogen bond acceptor sites as well as cyclohexyl core and conjugated
system in both arms, compound 5 was synthesized in 84% yield from commercially
available (3E,5E)-hexa-3,5-dien-1-ol and 1,4-diisocyanatocyclohexane in PhMe in the
presence of a catalytic amount of pyridine. The formation of the compound 5 was
confirmed by proton and 13C{1H} NMR spectroscopy. The preparation scheme for
compound 5 is given in Table 1.
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3.2.6 Synthesis of di(2E,4E)-hexa-2,4-dienyl hexane-1,6-diyldicarbamate 6
To study the self-assembly behavior of the compounds, solubility of the
compound is a key factor. In spite of the cyclohexyl core of compound 5, the solubility is
poor. We propose to incorporate long alkyl chain as a linker between the carbamatesarms. So, compound 6 was designed and studied its self-assembly behavior was studied.
Compound 6 was synthesized in 58% yield from commercially available (3E,5E)-hexa3,5-dien-1-ol and 1,6-diisocyanatohexane in PhMe in the presence of catalytic amount of
pyridine. The formation of the compound 6 was confirmed by proton and 13C{1H} NMR
spectroscopy. The preparation scheme for compound 6 is given in Table 1.
3.3 Self-assembly of Two-armed Amides and Carbamates
Self-assembly is the key factor in the bottom-up approach of synthesizing
nanoarchitectures. To study the self-assembly of the synthesized two-armed amides and
carbamates, we took first step to grow single crystal of the compounds for XRD analysis.
Accomplishment of a single large crystal for the XRD is the first step in the research of
the self-assembly of the compound. We initiated our approach of obtaining a single
crystal by using different solvents available in our research lab as well as in other organic
labs. In the pursuit of obtaining single crystal, all types of solvents starting from nonpolar
solvents to moderately polar solvents and then highly polar solvents were used. The
solubility of the compound was altered by using a combination of polar and non polar
solvents.
Several crystallization conditions were applied to grow single large crystals. The
process of slow evaporation entails using a clear solution of the compound that is allowed
19

to evaporate slowly and with enough time for the molecules to nucleate and organize in
fixed geometrical shapes. The second process of vapor diffusion places the solution of the
compound in small vial that is introduced into the low boiling solvent placed within a
bigger vial. Combinations of solvents were also used in order to alter the solubility of the
compound.
Compound 2 is found to be soluble in DMF, DMSO, dichloroethane, and methyl
ethyl ketone at elevated temperature. It is also found to be soluble in the 1:1 mixture of
MeOH: CHCl3. Compound 2 is insoluble in all other available solvents. In spite of the
solubility in a few of the solvents and the combination of solvents, compound 2 did not
form crystals in any attempted solvent or combinations of solvents. Compound 3 has
much better solubility and is soluble in almost all moderately polar solvents as well as
polar solvents except water. It is very surprising observation that compound 3 is insoluble
in EtOAc. Based on the solubility of compound 3 in most of the solvents, we were very
optimistic about getting good quality crystals of compound 3. It did form crystals in
solvents like MeOH, and MeCN. Compound 3 also formed crystals in combinations of
solvents such as THF: H2O, MeCN: EtOAc and MeCN: DCM. The morphology of the
crystals was needle-like which was not good enough for XRD analysis.
Among the carbamates compound 4, 5, and 6, the solubility of compound 6 was
found to be better than the other two. Compound 6 is soluble in most of the organic
solvents. On the other hand, compound 4 is insoluble in most of the solvents. Compound
5 is found to be soluble in polar solvents such as DMSO, DMF, EtOAc, and THF. None
of these carbamates formed any XRD quality crystals in any solvent or combination of
solvents. Compound 6 formed needle type crystals in several solvents.
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CHAPTER 4
SYNTHESIS OF THREE-ARMED AMIDES AND CARBAMATES
4.1 Nanosheets from Carboxamide Derivatives
Amide hydrogen bonds are ubiquitous in nature. For instance, the α-helix and βsheet based on amide hydrogen bonds are the most common secondary structures of
proteins. A C3-symmetric triamide was found to pack as a triple-helical column similar to
an α-helix of protein. Researchers have adopted this column packing as a model as shown
in Figure 3a for other triamides to rationalize their applications in liquid crystals, low
molecular weight organogelators, remnant polarization, and amplification of chirality. 59,
60, 61, 62

Experimental results that cannot be explained by the helix model inspired us to

further probe the self-assembly of these compounds.
The nanosheet structure of N,N′,N′′-tris(n-octyl) benezene-1,3,5- tricarboxamide
was observed by TEM and further confirmed by X-ray crystallography.63 The X-ray
structure of the triamide displays hydrogen bonding sheets. Each molecule is connected
to six neighbors through intermolecular hydrogen bonds between N-H and C=O groups
of the three carboxamide groups64 as shown in Figure 3b. The hydrogen bonded
backbone of the sheet does not involve its side chains. The hydrogen bonds in the sheet
are on average 0.14 Å shorter than those found in the triple helix. Furthermore, two of the
three amides are pointing in roughly the same direction. The orientation of the third
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amide results in a three-dimensional chirality. The end result is a chiral hydrogen
bonded sheet. Remarkably, the grooves on the surface of the nanosheet are chiral as
shown in Figure 4c.
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R = -CH2CH2OCH3
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R = -CH3
-C2H5

-C8H17

Figure 3. Comparison of the triamide helix and sheet: (a) a left-handed helix backbone;
(b) a chiral sheet backbone. (Hydrogen atoms are omitted for clarity. Colors are
introduced to illustrate the hydrogen bonding networks).63
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a)

b)

c)

Figure 4. N,N′,N′′-tris(n-octyl)benezene-1,3,5-tricarboxamide: (a) TEM image of the
triamide obtained by injecting 100 µL of 2×10-3 M acetone solution into 10 mL of H2O
with stirring and then evaporating the solvents; (b) TEM image of the triamide sheets
from slowly evaporating 10-3 M acetone solution; (c) Space-filling model of the
nanosheets showing the chiral surfaces and grooves.63

4.2 Synthesis of Three-armed Carboxamides
Since the two-armed amides and carbamates did not give give the X-ray quality
crystals, it was concluded that the methyl group at the terminal position might be the
reason for the interference in the π- π stacking between the molecules. Besides, it is also
interesting to learn if the two-dimensional hydrogen bonded network of the N,N′,N′′tris(n-octyl)benezene-1,3,5-tricarboxamide will survive or not if an oxygen atom is
inserted between each amide group and the benzene ring. So, we made a small
modification in our target molecule which can self-assemble and ultimately lead to the
23

synthesis of nanoarchitectures. A few carbamates were synthesized to study the selfassembly aspect of the compound.
Successful synthesis, self-assembly, and crystal structure determination of
benezene-1,3,5-tricarboxamide by our group63 inspired us to study the self-assembly of
more three-armed molecules. The synthesis of these three-armed carboxamides was
designed by taking advantage of C3-symmetry in the structure as well as hydrogen-donor
and hydrogen acceptor sites. Additionally, C3-Symmetric molecules can be synthesized
easily.64, 65 The conception was that as carboxamides have many hydrogen bonding sites.
So it would self-assemble into either a two-dimensional geometrical structure or a threedimensional geometrical structure. Either structure would be interesting. All these threearmed amides were synthesized in a single step by a reaction between corresponding
amines and 1,3,5-benzenetricarbonyl trichloride. The structures of the three-armed
amides synthesized in the study are given in Chart 4.
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Chart 4. Structures of the three-armed carboxamides.
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4.2.1 Synthesis of N,N′,N′′-tripropylbenzene-1,3,5-tricarboxamide 7
Compound 7 was prepared by a reaction between commercially available propan1-amine and benzene-1,3,5-tricarbonyl trichloride in CHCl3 in the presence of a catalytic
amount of TEA. The synthesis of compound 7 was done by making some modifications
to the literature procedure.66 As the reaction progressed white precipitate was obtained.
Solvent was evaporated and the reaction mixture was purified by column
chromatography, which afforded compound 7 in 73% yields. Later, it was observed that
compound 7 can be obtained in the same purity by washing with water and the yield can
be improved up to 98%.The scheme for the synthesis of compound is shown in Table 2.
4.2.2 Synthesis of N,N′,N′′-triallylbenzene-1,3,5-tricarboxamide 8
Compound 8 was prepared by a reaction between commercially available prop-2en-1-amine and benzene-1,3,5-tricarbonyl trichloride in CHCl3 in the presence of a
catalytic amount of TEA. The reaction mixture, which contains water soluble salts of
TEA, was purified by washing several times with water. Compound 8 was obtained in
83% yield.
4.2.3 Synthesis of N,N′,N′′-tri(but-3-enyl)benzene-1,3,5-tricarboxamide 9
Compound 9 was prepared by a reaction between commercially available but-3en-1-amine and benzene-1,3,5-tricarbonyl trichloride in MeCN in the presence of a
catalytic amount of TEA. The reaction mixture was purified by column chromatography,
which afforded compound 9 in 74% yields. Later, it was observed that compound 9 can
be obtained in the same purity by washing with water and the yield can be improved up
to 98%.The scheme for the synthesis of compound is shown in Table 2.
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Table 2. Preparation scheme for compounds 7, 8, and 9.
Acid chloride
O

Amines

Solvent Catalyst

Product

Yield%

O

Cl

NH 2

CHCl3

TEA

7

98

NH 2

CHCl3

TEA

8

83

MeCN

TEA

9

98

Cl

O

Cl

NH 2

4.3 Synthesis of Three-armed Carbamates
Carbamates have extra oxygen atoms between the aromatic core and the sidearms comparing to amide groups. A probable candidate for the synthesis of organic
nanoarchitectures is carbamates. Carbamates are capable of forming hydrogen bonding.
These hydrogen bonding moieties play a significant role in the formation of
supramolecular polymeric structures. Carbamates have hydrogen bonding sites that
involve neutral amidic type -NH and carbonyl type oxygen atoms. These -NH and
oxygen atoms play important role in the design of unique self-assembling supramolecular
structures.67 The intermolecular hydrogen bonding between the carbamates molecules
result in the formation of stable highly organized single supramolecular entities.68
The small molecules of carbamates with alkyl side chains have been explored for
applications such as vehicles for phase change ink-jet technologies. Wang et al.69 have
reported that carbamates form robust gels and gelation properties persist even by
switching the position of N and O in the carbamate molecules. The general structure of
the carbamates synthesized in this study is given in Scheme 5.
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Scheme 5. General structure of the carbamates prepared in the study.
To understand the effect on self-assembly when changing the side chain, we
synthesized a large number of carbamates with different substituents. Most of the R
groups are hydrophobic. The carbamates (Table 3) were prepared by the reaction of
1,3,5-trihydroxybenzene with corresponding isocyanates by slight modification in the
procedure of Masaki Takahashi.70 The synthetic sequence of the reactions outlined in
Scheme 6.
R
NH

O
HO

OH
RNCO

THF/ TEA

R

reflux

H
N

O

O

O

OH

H
N

O

R

O
R= n-propyl, n-butyl, n-hexyl, n-octyl, cyclohexyl, i-propyl, t-butyl, etc.

Scheme 6. General scheme for the synthesis of carbamates having different alkyl chains.
Carbamates were synthesized in single step by refluxing the mixture of 1,3,5trihydroxybenzene and respective isocyanates in THF in the presence of a catalytic
amount of TEA. In the beginning, we encountered problems due to the presence of a
trace amount of water in the 1,3,5-trihydroxybenzene. Even trace amount of water in
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reactant can kill the reaction. Initially, it was attempted to get rid of the water present in
1,3,5-trihydroxybenzene by filtering the solution through magnesium sulfate but it did
not remove all the water molecules from the mixture. Then 1,3,5-trihydroxybenzene was
dried in an oven at 110 °C overnight. This attempt works for synthesis. Every time
freshly distilled THF was used for the synthesis. The method of preparation of
carbamates is shown in Table 3.
Table 3. Synthetic schemes for three-armed carbamates.
Reagent 1

Reagent 2

NCO

NCO

HO

OH

NCO

OH

NCO

NCO

Product

Yield %

10

94

11

73

12

93

13

93

14

78

15

80

NCO
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Table 3. Contd.
Reagent 1

Reagent 2

NCO

NCO

NCO

O

Product

Yield %

16

92

17

59

18

52

19

72

20

97

21

73

O

HO

OH

O
OCN

OH

O
O

O
O

OCN
OCN

71
O
OCN

22
O

In the study of self-assembly of the carbamates, a number of compounds having
short chain side-arms containing three carbons to long chain side-arms of eight carbons
have been synthesized. Also carbamates having side-arms of cyclohexyl rings as well as
some aromatic side-arms were synthesized. The structures of the carbamates, synthesized
in the study of self-assembly process are given in Chart 5.
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Chart 5. Structures of carbamates prepared in the study of self-assembly.
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Chart 5. Contd.
The corresponding compounds were purified by either precipitation, washing, or
by column chromatography. After obtaining the pure product, we started the investigation
of self-assembly of these amide molecules in various solvents. In the process of obtaining
an X-ray quality single crystal, we used solvents from highly polar DMSO to nonpolar
hexane. The combinations of solvents were also employed to get the single crystal for the
XRD.
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4.4 Self-assembly of Three-armed Carbamates
After obtaining pure carbamates, the self-assembly behavior in several solvents
was examined. A series of organic solvents ranging from highly polar DMSO to nonpolar
PhMe were used. All the carbamates were found to be soluble in the following organic
solvents: CHCl3, DCM, acetone, MeCN, THF, DMSO, and EtOAc. The solvents acetone,
MeCN, DMSO, and EtOAc, with a trace amount of water works well for producing high
quality X-ray single crystals. Several crystallization methods including cooling of
saturated solution, slow evaporation, and solvent diffusion methods were employed to
grow high quality single crystals. Carbamates with side chains of three carbon atoms as
well as cyclohexyl side chains formed high quality single crystals while the carbamates
with other side chains formed needle type or very fine crystals in these organic solvents.
Attainment of high quality crystals of carbamates facilitated single crystal X-ray
diffraction analysis to investigate the molecular interactions that govern the twodimensional molecular self-organization. The pictures of the single crystals are shown in
Figure 5. From the figure, we can see that the carbamates with side chain of three carbon
atoms or cyclohexyl group formed high quality crystals in polar solvents. These
carbamates crystallize into broad and flat sheet-like crystals resembling their planar
crystal morphologies.
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Figure 5. Crystals of carbamate 10 (left) in EtOAc and carbamate 15 (right) in THF: H2O
obtained by slowly evaporating the solvent.64

4.5 Crystal Structure of Three-armed Carbamates
The crystals of the tri-carbamate 10 were obtained by slowly evaporating MeCN
or EtOAc:PhMe (1:1) solution of 10 were identical. The sheet structure was
unequivocally confirmed by X-ray crystallography.64 The tri-carbamate 10 crystallized
out as an orthorhombic crystal system (a = 13.4049(4), b = 48.9616(14), c = 12.2121(4)
Å). The X-ray crystallographic structure is shown in Figure 6. A new hydrogen bonded
network was obtained. Specifically, each tri-carbamate molecule is connected to five
neighbors through six intermolecular hydrogen bonds between N-H and C=O groups of
the three carbamates. In other words, each tri-carbamate molecule is connected to one
closest neighbor by two hydrogen bonds (shown as black dashed lines in Figure 6b and
6c) with a length of 2.97 Å forming a cyclic ‘dimer’ (each side chain is replaced with a
carbon atom for simplicity). Each ‘dimer’ is held together with four neighboring
‘dimers’ by eight hydrogen bonds with a length of 2.86 or 2.88 Å (Figure 6d). The
average hydrogen bond length in the supramolecular sheet is 2.90 Å, which is 0.07 Å
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longer than those found in the sheet structure of N,N′,N′′-tris(n-octyl)benezene-1,3,5tricarboxamide.64 This length difference reveals that the sheet backbone hydrogen bonds
are slightly weaker. Nevertheless, the crystal structures consist of a supramolecular sheet
extended in the crystallographic ac plane through fully saturated hydrogen bonded
network. In the amphipathic structures, two nearest neighboring molecules formed
complementary conformations that three alkyl arms of one molecule is “up-up-down”
and the other is “down-down-up”, with regards to the hydrogen bonded sheet planes
(Figure. 6e). Therefore, the polar carbamate cores are compiled by two layers of nonpolar alkyl chains. This sheet structure with a separate non-polar and polar segment is
similar to the lipid bilayer of a cell membrane. Each layer is close to 1.5 nm thick, and
the supraomolecular sheets are stabilized by two forces: hydrogen bonding between
amides and the hydrophobic effect between peripheral non-polar n-propyl chains. No π-π
stacking within or between the supramolecular sheets was observed. The interaction
between the sheets is van der Waals forces of the alkyl chains, which are standing or
lying on the surface of each sheet.
Essentially, the hydrogen bond pattern of the tri-carbamate 10 represents a novel
supramolecular chiral sheet different from the triamide sheet. Each tri-carbamate
molecule contains three stereogenic axes (CAr-O). The seven atoms, CAr-O-(C=O)
NHCR, within each carbamate are near planar. Each carbamate group is partially tilted
with respect to the core aryl ring to fulfil requirements of the hydrogen bond orientations
and close packing of the molecules. Instead of a well-known C3-symmetric conformation,
one of the three carbamate groups is oriented in the opposite direction (Figure 6f). The
torsion angles are 53o, 73o, and 82o, respectively. The distances of three CAr-O single
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a)

c)

b)

d)

e)

Figure 6. (a) Oak Ridge Thermal Ellipsoid Plot (ORTEP) representation at 50% electron
density; (b) a side view of the tri-carbamate dimer (hydrogen atoms are omitted and the
side chains are replaced with carbon atoms for simplicity); (c) a top view of the tricarbamate dimer; (d) a top view of the chiral sheet backbone of tri-carbamate 10. (dimers
are in different colors to show each dimer is connected to four neighboring dimers
through intermolecular hydrogen bonds); (e) a side view of capped sticks model showing
one layer of the sheet. The grooves on the top and bottom sides of the sheet are
approximately 45o to the direction of view, so they cannot be seen; (f) chiral
conformations of the tri-carbamate 10 in the crystal structure with one of the three
carbamate groups is oritented in the opposite direction; (g) space-filling model of the
sheet showing the chiral surfaces and edges. Only 40 (4 x 10) molecules are shown for
simplicity. The grooves on the bottom side of the sheet are approximately perpendicular
to the direction of view, so they cannot be seen.64
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Figure 6. Contd.

bonds connecting the carbamate groups and benzene ring are approximately 1.40 Å. This
value is close to the typical bond length of a C-O single bond, which shows only weak
conjugation. However, in this supramolecular atropisomer, the hydrogen bonds do not
allow the carbamate groups to rotate freely around the CAr-O axes.
Thus, a three dimensional chiral conformation is fixed in the hydrogen bonded
network as shown in Figure 6d and 6e. All the tri-carbamate molecules in a sheet adopt
the same conformation. Evidently, the hydrogen bonded sheet is chiral. Meanwhile, the
two neighboring sheets are a pair of supramolecular enantiomers, and the crystals are
racemic with an Fdd2 space group. One of three n-propyl arms in compound 10 is
significantly curved to fill up the space. To achieve close packing, the neighboring sheets
are packed like meshing gears. The angle between grooves on the top and bottom sides
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of a sheet is 85o. Remarkably, the grooves on the surface of the sheet are also chiral as a
consequence of the chiral hydrogen bonded network (Figure 6g).
The sheet represents a fundamental structure not limited to tricarbamate with
linear alkyl side chains. The generality of the chiral structure is further demonstrated by
tri-carbamate 15 with three cyclohexyl substituents as shown in Figure 7. As seen from
the packing plot Figure 7, a different hydrogen bonded sheet was achieved from a C3symmetric supramolecular atropisomer 15.

a)

b)

Figure 7. (a) A top view of the chiral sheet backbone of tri-carbamate 15. (Hydrogen
atoms are omitted for clarity. Colors are introduced to illustrate the hydrogen bonding
networks); (b) A side view of capped sticks model showing one layer of the nanosheet.64
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In the case of propyl carbamates (10), each molecule is hydrogen bonded to five
other molecules in a planar structure. On the other hand, each molecule of cyclohexyl
carbamates (15) is hydrogen bonded to four molecules. This results in a broad crystal
packing where carbamate molecules hydrogen bonded with neighboring molecules to
form a two-dimensional sheet-like pattern as shown in Figure 7. In the carbamate
molecule, each end is a member of two distinct hydrogen bonding stacks, which
propagate along two axes. This characteristic hydrogen-bond pattern is understood to
result in the two-dimensional sheet like molecular self-assembly. The thickness of twodimensional nanosheets as calculated from X-ray diffraction is 1.5 nm, which is the
distance between the planes containing the distant alkyl hydrogen atoms on either end of
the two-dimensional array of molecules.
The above crystals of the tri-carbamate 15 were obtained by slowly evaporating
MeCN or EtOAc: PhMe (1:1) solution of 15 and they were identical. The X-ray data
were collected at room temperature and 100K to check effect of temperature on the sheet
structure. The volume of the crystal structure 15L collected at 100K decreased 3.3% and
the average hydrogen bond length dropped 0.04 Å compared to the structure 15 at room
temperature (Table 4).
The crystals obtained from THF: H2O (20:1) were different and hosted solvent
molecules, which is THF in the unit cell. Remarkably, there are THF molecules trapped
in the crystals. The structure 15S exhibits the same sheet package pattern as compound
10 as shown in Figure 8. The THF guest molecules are all located between layers of the
sheets. Consequently, each sheet is separated from each other by 2 Å more comparing to
that of the crystal 15.
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a)

b)

c)

Figure 8. Hydrogen atoms are omitted and the side chains are replaced with carbon
atoms for simplicity: (a) A side view of capped sticks model showing two layers of the
nanosheet of tri-carbamate 15; (b) A side view of capped sticks model showing two
layers of the nanosheet of tri-carbamate 15S (Guest Molecules THF are omitted); (c) A
side view of capped sticks model showing two layers of the nanosheet of tri-carbamate
15S with the THF guests in space-filling model.
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Table 4. Crystal data of cyclohexyl carbamates.
Crystals

15

15L

15S

a (Å)

9.82

9.78

9.61

b (Å)

12.30

12.01

12.78

c (Å)

12.61

12.56

14.61

α (o)

109.7

109.8

75.0

β (o)

102.0

102.5

71.0

γ (o)

94.2

94.0

77.6

V (Å3)

1386.0

1339.9

1621.7

Temp. (K)a

297

100

220

Average H bond (Å)b

2.91

2.87

2.86

4.6 TEM Images and Powder XRD of Three-armed Carbamates
TEM images of the sheet obtained by injecting 100 µL of 10-3 M EtOAc solution
of tri-carbamate 10 into 10 mL of H2O with stirring, and then evaporating the mixed
solvent are shown in Figure 9. This result resembles with those obtained by the XRD.
The size of the carbamates nanosheets achieved was up to several square micrometers.
The average hydrogen bond length in the sheets is 2.90 Å. Each layer of the sheet is close
to 1.5 nm thick, and the supramolecular sheets are stabilized by two forces: hydrogen
bonding between amides and the hydrophobic effect between peripheral non-polar npropyl chains.
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a)

b)

Figure 9. (a) TEM image of the sheet obtained by injecting 100 µL of 10-3 M EtOAc
solution of tri-carbamate 10 into 10 mL of H2O with stirring, and then evaporating the
mixed solvent; (b): TEM image of the multiple-layer sheet achieved by injecting 100 µL
2×10-3 M tri-carbamate 10 MeCN solution into 10 mL of H2O with stirring, and then
evaporating the mixed solvent.64
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Figure 10. Powder XRD of tri-carbamate 10 shows that the same or similar crystalline
isoform was obtained from a variety of conditions: 1) dark cyan: powder obtained
directly from the synthesis without further processing; 2) blue: powder obtained by
injecting 100 µL, 10-2 M MeCN solution into 10 mL of H2O with stirring and then
evaporating the mixed solvent (containing peaks from Al); 3) red: crystals obtained by
the slow evaporation of MeCN solution of tri-carbamate 10, the same conditions that the
single crystals were grown; 4) black: crystals obtained by the slow evaporation of EtOAc
solution of tri-carbamate 10, the same conditions that the single crystals were grown.64
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The powdered XRD analysis (Figure 10) have also demonstrated that the sheets
obtained have the same or very similar crystalline isoforms as the single crystals and the
powder of the compound 10, which was produced directly from the synthesis without
further processing. Similar sheet structure was also observed for cyclohexyl carbamates
(18). The TEM image of cyclohexyl carbamates has been demonstrated in Figure 11.

Figure 11. TEM image of the sheet obtained by injecting 100 µL of 10-3 M EtOAc
solution of tri-carbamate 15 into 10 mL of H2O with stirring, and then evaporating the
mixed solvent; (b): TEM image of the multiple-layer sheet achieved by injecting 100 µL
2×10-3 M tri-carbamate 15 MeCN solution into 10 mL of H2O with stirring, and then
evaporating the mixed solvent TEM image of compound 15 in EtOAc 10-3 M into H2O.64
Figure 11 shows the multi-layer images of the sheets obtained by using 10-3M
EtOAc solution. Again the size of the sheets achieved by this method was up to several
micrometers.
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4.7 Conclusions
In conclusion, we have described the unusual two-dimensional self-assembly of
C3-symmetric three-armed carbamates into molecular nanosheets. The method includes
two steps: 1) Synthesis of three-armed carbamates in a single step condensation between
1,3,5-trihydroxybenzene and respective isocyanates and 2) The bottom-up approach to
self-assemble of three-armed carbamates into nanosheets. During the study of selfassembly, it was found that polar solvents along with a trace amount of water is more
effective in the growth of single crystal. In our study of self-assembly, we observed that
the two-armed amides or carbamates having long or short chain alkyl groups are difficult
to nucleate properly and ultimately difficult to get a good quality single crystal. We
interpreted that the methyl group interferences in the proper organization or nucleation of
the molecule which hinders the formation of the crystal.
Three-armed carbamates especially one having propyl and cyclohexyl arms, can
easily self-assemble in to the sheet structures. Each tri-carbamate molecules having sidearm of three carbon atoms, connected to five neighbors through six intermolecular
hydrogen bonds between N-H and C=O group of the three carbamates. Additionally, the
cyclohexyl carbamates are connected with four neighbors.
This is the first report on a molecular level explanation of two-dimensional chiral
self-assembly. The sheet structure observed by our group is an interesting finding in the
area of nanosynthesis consisting of purely organic compounds. This finding provides
insight into the design criteria for the construction of hydrogen bonded nanosheets and
other new functional materials based on similar compounds.
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a)
a)

CHAPTER 5

a)

b)

EXPERIMENTAL SECTION
5.1 General Procedure and Instrumentation

All reactions were carried out under an inert atmosphere of dry nitrogen in an
oven or flame-dried glassware. 1H NMR and 13C{1H} NMR were recorded on a Bruker
Avance 500 NMR spectrometer. Spectra were obtained in deuterated CHCl3 (CDCl3) or
deuterated dimethyl sulphoxide (DMSO-d6). Chemical shifts are reported in ppm with
tetramethylsilane as an internal standard. Data are reported as s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, J = coupling constant (in Hertz, HZ). Electronspray
Ionization Mass Spectra (ESI-MS) were obtained on a Time-of-Flight MS G 1969A
series 6200 spectrometer (Agilent Technology Co. Ltd.) by direct infusion, l mL/h in
50% MeOH (in H2O) and 10 mM ammonium acetate. Melting points were determined on
a Fisher-Jones melting point apparatus. Infrared spectra were acquired on a Perkin-Elmer
Spectrum-400 FTIR spectrometer. Analytical thin layer chromatography (TLC) was
performed on a silica gel W/UV200 µm pre-coated TLC plates. Purification by flash
chromatography was performed using silica gel 200-400 mesh. Acetone was obtained
from Fisher and used without purification. MeCN and DCM were distilled over CaH2
before use. THF was dried by distilling from sodium-benzophenone in a continuous still
under an atmosphere of nitrogen. All other chemicals were used as purchased without
further purification.
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5.2 Synthesis of Two-armed Amides and Carbamates
5.2.1 (2E,4E)-hexa-2,4-dienoyl chloride 1
(2E,4E)-hexa-2,4-dienoic acid (11.2 g, 100 mmol) and sulfurous dichloride
(thionyl chloride) (23.8 g, 200 mmol) were placed in a 50 mL round bottom flask
equipped with a magnetic stir bar . To the mixture 2 drops of DMF was added and stirred
at room temperature for 2 hours. The solid gradually turned into a yellowish liquid. The
progress of the reaction was monitored by TLC (silica) using EtOAc: hexane (80:20) as
eluting solvent. The excessive thionyl chloride was removed in vacuum and the product
was purified by reduced pressure distillation. Product 1 was obtained as a colorless liquid
(11.3 g, 86 mmol) in 86% yield. The product was kept in freeze for further use. 1H NMR
(CDCl3, δ, ppm): 1.94 (d, 3H), 5.99 (m, J = 7.8 Hz, 1H), 6.28 (t, J = 10.1 Hz, 1H), 6.40
(d, J = 8.6 Hz, 1H), 7.40 (d, J = 4.8 Hz, 1 H); 13C{1H} NMR(CDCl3, δ, ppm): 18.7, 122.5,
128.7, 145.0, 150.9, 165 .6.
5.2.2 (2E,2′E,4E,4′E)-N,N′-(1,4-phenylene) dihexa-2,4-dienamide 2
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar was
charged with benzene 1, 4-diamine (108 mg, 1 mmol) and TEA (202 mg, 2 mmol) in 10
mL of MeCN. The flask was kept on an ice bath and stirred for 20 minutes. Sorbyl
chloride (1) (261 mg, 2 mmol) in 20 mL of MeCN was added into the mixture drop wise
for 30 minutes. Then the ice bath was removed and the mixture was stirred at room
temperature for another 2 hours. The progress of the reaction was monitored by TLC
(silica) using EtOAc: hexane (3:1) as eluting solvent. After 2 hours about 40 mL of
deionized water was added to the mixture and allowed to stir for another 2 hours. Then
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the mixture was filtered on a Buchner funnel and washed with water. The product was a
pale yellow solid (302 mg, 0.98 mmol) that was obtained in 98% yield. 1H NMR
(DMSO-d6, δ, ppm): 1.00 (d, J = 1.9 Hz, 6H), 5.26 (d, J = 7.6 Hz, 2H), 5.36 (d, J = 16.6
Hz, 2H), 5.46 (d, J =16.2 Hz, 2H), 5.72 (d, J = 9.1 Hz, 2H), 6.75 (s, 4H), 9.15 (s, 2H) ;
13

C{1H} NMR(DMSO-d6, δ, ppm): 18.9, 110.9, 123.5, 130.3, 135.2, 138.0, 141.0, 164.9.

5.2.3 (2E,2′E,4E,4′E)-N,N′-(ethane-1,2-diyl) dihexa-2,4-dienamide 3
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar was
charged with ethane-1, 2-diamine (0.3g, 5 mmol) and TEA (1.0 g, 10 mmol) in 10 mL of
CHCl3. The flask was kept on an ice bath and stirred for 10 minutes. Sorbyl chloride (1.3
g, 10 mmol) in 20 mL of CHCl3 was added into the mixture drop wise for 10 minutes.
Then the ice bath was removed and the mixture was stirred at room temperature for
another 2 hours. The progress of the reaction was monitored by TLC (silica) using EtOAc:
hexane (70:30) as eluting solvent. After 2 hours about 40 mL of deionized water was
added to the mixture and allowed to stir for another 2 hours. Then the mixture was
filtered on a Buchner funnel and washed with water. The product was a white solid (780
m g, 3.1 mmol) that was obtained in 63% yield. 1H NMR (DMSO-d6, δ, ppm): 1.76 (d, J
= 6.7 Hz, 6H), 3.39 (s, 4H), 5.83 (d, J = 16 Hz, 2H), 6.0 (q, J = 8 Hz, 2H), 6.15 (m, 2H),
6.96 (d, J = 12.0 Hz, 2H), 8.03 (s, 2H).
5.2.4 Di(2E, 4E)-hexa-2, 4-dienyl 1, 4-phenylenedicarbamate 4
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar and a
reflux condenser was charged with (2E,4E)-hexa-2, 4-dien-1-ol (2.1 g, 22 mmol) and 4diisocyanato benzene (1.5 g, 9.3 mmol) in 25 mL of PhMe and 50 drops of pyridine. The
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mixture was refluxed on an oil bath for 2 hours. Then the oil bath was removed and the
mixture was cooled at room temperature. The mixture was suspended in a mixture of
MeCN and EtOAc and stirred for 10 minutes. Then it was allowed to settle down and the
solvent was decanted. The process was repeated until the solvent was colorless. The solid
product was filtered and dried in a vaccum for 12 hours. Compound 4 (2.54 g, 7 mmol)
was obtained as a white solid in 76% yield. 1H NMR (DMSO-d6, δ, ppm): 1.73 (d, J =
7.1 Hz, 6H), 4.59 (d, J = 6.0 Hz, 4H), 5.71 (d, J = 6.0 Hz, 4H) 6.10 (t, J = 11.0 Hz, 2H),
6.31 (t, J = 9.9 Hz, 2H), 7.35 (s, 4H), 9.56 (s, 2H).
5.2.5 Di(2E, 4E)-hexa-2, 4-dienyl cyclohexane-1, 4-diyldicarbamate 5
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar and a
reflux condenser was charged with (2E,4E)-hexa-2,4-dien-1-ol (1.2 g, 12 mmol) and 1,4di isocyanatocyclohexane (1 g, 6 mmol) in 10 mL of PhMe and 20 drops of pyridine. The
mixture was refluxed on an oil bath for 2 hours. Then the oil bath was removed and the
mixture was cooled at room temperature. The mixture was filtered and the solid residue
was washed with EtOAc. Compound 5 (1.83 g, 5 mmol) was obtained as a white solid in
84% yield. 1H NMR (DMSO-d6, δ, ppm): 1.18(d, J = 6.7 Hz, 4H), 1.71-1.77(m, 10H),
4.44 (4H), 5.61 (m, 2H), 5.74 (m, 2H), 6.03 (t, J = 11.9 Hz, 4H), 6.21 (m, 2H), 7.08 (s,
2H).
5.2.6 Di(2E, 4E)-hexa-2, 4-dienyl hexane-1, 6-diyldicarbamate 6
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar and
a reflux condenser was charged with (2E, 4E)-hexa-2,4-dien-1-ol (5.8 g, 60 mmol) and
1,6-diisocyanatohexane (5 g, 30 mmol) in 25 mL of PhMe and 50 drops of pyridine. The
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mixture was refluxed on an oil bath for 2 hours. Then the oil bath was removed and the
mixture was cooled at room temperature. The mixture was left to stand at room
temperature overnight and the white powdery precipitate settled. The crude product was
washed several times with PhMe by decanting and then filtered. Compound 6 (6.3 g, 17
mmol) was obtained as a yellow powder in 58% yield. The melting point was found to be
89-91°C. 1H NMR(CDCl3, δ, ppm): 1.25 (m, 4H),1.42 (m, 4H), 1.69 (d, J = 7.4 Hz, 6H),
3.11 ( d, J =6.8 Hz, 4H), 4.5 (d, J = 6.3 Hz, 4H), 5.5 (m, 2H), 5.7 (m, 2H), 6.0 (t, J =
11.6 Hz, 2H), 6.29 (m, 2H), 7.2 (s, 2H).
5.3 Synthesis of Three-armed Amides and Carbamates
5.3.1 N,N′,N′′-tripropylbenzene-1,3,5-tricarboxamide 7
A 50 mL three necked round bottom flask equipped with a magnetic stir bar and
nitrogen inlet flow was charged with propylamine (1.2 g, 20 mmol) and TEA (2.0 g, 20
mmol) in 10 mL of CHCl3. The mixture was stirred on an ice bath for 5 minutes.
Benzene-1,3,5-tricarbonyl trichloride (1.6 g, 6 mmol ) in 10 mL of CHCl3 was added
drop wise for 10 minutes. Then the ice bath was removed and the mixture was stirred at
room temperature for another 2 hours. The white solid precipitate was filtered on a
Buchner funnel and washed several times with deionized water. The product was dried by
vaccum pump for 24 hours. The white solid product (1.98 g, 5.8 mmol) was obtained in
98% yield. mp > 250°C, Rf = 0.38 (9:1 EtOAc- hexane). 1H NMR(CDCl3, δ, ppm):
0.92(t, 9H), 1.64 (m, 6H), 3.42 (m, 6H), 8.38 (s, 3H), 8.67 (s, 3H).

48

5.3.2 N,N′,N′′-triallylbenzene-1,3,5-tricarboxamide 8
A 100 mL three necked round bottom flask equipped with a magnetic stir bar and
nitrogen inlet flow was charged with allylamine (1.1 g, 20 mmol) and TEA (3.4 g, 34
mmol) in 40 mL of CHCl3. The mixture was stirred on an ice bath for 5 minutes.
Benzene-1, 3, 5-tricarbonyl trichloride (1.6 g, 6 mmol) in 10 mL of CHCl3 was added
drop wise for 10 minutes. Then the ice bath was removed and the mixture was stirred at
room temperature for another 2 hours. The white solid precipitate was filtered on a
Buchner funnel and washed several times with deionized water. The product was dried by
vacuum pump for 24 hours. The white solid product (1.62 g, 4.9 mmol) was obtained in
83% yield. mp> 250°C. Rf = 0.48 (9:1 EtOAc-hexane. 1H NMR(DMSO-d6, δ, ppm):
3.96 (t, J = 6.2 Hz, 6H), 5.12 (d, J = 10.2 Hz, 6H), 5.93 (t, J = 5.4 Hz, 3H), 8.45 (s, 3H),
8.95 (s, 3H).
5.3.3 N,N′,N′′-tri(but-3-enyl)benzene-1,3,5-tricarboxamide 9
A 100 mL round bottom flask equipped with a magnetic stir bar was charged with
but-3-en-1-amine (0.21 g, 3 mmol) and TEA (0.3 g, 3 mmol) in 15 mL of freshly distilled
MeCN. The mixture was stirred on an ice bath for 10 minutes. Benzene-1,3,5-tricarbonyl
trichloride (0.26 g, 1 mmol) in 10 mL of MeCN was added drop wise into the mixture for
10 minutes. The mixture was stirred on an ice bath for 1 hour. Then the ice bath was
removed and the mixture was further stirred at room temperature for another 2 hours.
Solvent was evaporated and the product was purified by flash column chromatography
using ethylacetate/ MeOH (90:10) as eluent. The solvent was evaporated with a rotavapor
and the product was dried with a vacuum pump for 12 hours. The white solid product
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(0.51 g, 1.50 mmol) was obtained in 98% yield. 1H NMR (CDCl3, δ, ppm): 2.41 (t, J =
6.7 Hz, 6H), 3.56 (t, J = 6.0 Hz, 6H), 5.15 (t, J = 6.7 Hz, 6H), 5.82 (m, 3H), 6.51 (s, 3H),
8.33 (s, 3H).
5.3.4 Benzene-1,3,5-triyl tris(propylcarbamate) 10
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 1-isocyanatopropane (2.12 g, 25 mmol) and a catalytic amount of TEA (4-6
drops) in 10 mL THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.94 g, 7.5 mmol) in 5 mL of THF was added drop wise for 10 minutes.
Then the mixture was refluxed for 17 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mLof ice cold water. The
solid product was filtered on a Buchner funnel and washed several times with deionized
water. The title compound 10 (Mp 143-145°) was obtained as a white solid (2.64 g, 94%)
by filtration. A single crystal of 10 for X-ray was obtained by slow evaporation of EtOAc
but could also be grown by slow evaporation of acetone, MeCN, or EtOAc/H2O. 1H
NMR (CDCl3, δ, ppm): 0.95 (t, J = 7.0 Hz, 9H), 1.58 (m, 6H), 3.20 (m, 6H), 5.18 (s, 3H),
6.84 (s, 3H); 13C{1H} NMR (CDCl3, δ, ppm): 11.6, 23.3, 43.3, 112.2, 151.8, 151.3; IR
(Nujol, ν, cm-1) 3308, 2923, 1711, 1534, 1456, 1250, 1143, 1035; HRMS calcd for
C18H27N3O6 (M+H+) 382.1978, found 382.1972, (M+NH4+) 399.2243, found 399.2238.
5.3.5 Benzene-1,3,5-triyl tris(allylcarbamate) 11
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar was
charged with 3-isocyanatoprop-1-ene (0.50 g, 6 mmol) and a catalytic amount of TEA (46 drops) in 40 mL of THF. The mixture was stirred at room temperature for 5 minutes.
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Phloroglucinol (0.25 g, 2 mmol) in 10 mL of THF was added drop wise for 10 minutes.
Then the mixture was refluxed for 20 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and recrystallized in 50 mLof hexane. The solid
product was filtered with a funnel. The title compound 11 (Mp 121-123 °C) was obtained
as a white solid (0.55 g, 73%) . 1H NMR(CDCl3, δ, ppm): 3.86 (m, 6H), 5.22 (m, 6H),
5.87 (m, 3H), 6.86 (s, 3H); 13C{1H} NMR (CDCl3, δ, ppm): 45.0, 112.4, 116.9, 134.3,
151.7, 157.8.
5.3.6 Benzene-1,3,5-triyl tris(butylcarbamate) 12
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 1-isocyanatobutane (0.71 g, 6 mmol) and a catalytic amount of TEA (4-6
drops) in 10 mL of THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added drop wise for 10 minutes.
Then the mixture was refluxed for 16 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and recrystallized in 25 mL of EtOAc. The title
compound 12 (Mp 118-120 °C) was obtained as a white solid (0.79 g, 93%). 1H
NMR(CDCl3, δ, ppm): 0.95 (t, J = 7.4 Hz, 9H), 1.38 (m, 6H), 1.54 (m, 6H), 3.24 (m,
6H), 5.04 (s, 3H), 6.85 (s, Hz, 3H); 13C{1H} NMR (CDCl3, δ, ppm): 14.1, 20.2, 32.2,
41.3, 112.2, 151.8, 154.1; IR (Nujol, ν, cm-1) 3300, 2924, 1696, 1534, 1458, 1376.
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5.3.7 Benzene-1,3,5-triyl tris(hexylcarbamate) 13
A flame dried 100 mL round bottom flask equipped with a magnetic stir bar was
charged with 1-isocyanatohexane (2.26 g, 18 mmol) and a catalytic amount of TEA (4-6
drops) in 25 mL of THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.76 g, 6 mmol) in 5 mL of THF was added drop wise for 10 minutes.
Then the mixture was refluxed for 4 hours. The mixture was concentrated by evaporating
the solvent with a rotavapor and precipitated in 250 mL of ice cold water. The solid
product was filtered on a Buchner funnel and washed several times with deionized water.
The title compound 13 (Mp 128-129 °C) was obtained as a white solid (2.85 g, 93%) by
filtration. 1H NMR(CDCl3, δ, ppm): 0.90 (t, J = 7.0 Hz, 9H), 1.28-1.44 (m, 18H), 1.65 (t,
J = 7.1 Hz, 6H), 3.23 (m, 6H), 5.05 (s, 3H), 6.85 (s, 3H); 13C{1H} NMR(CDCl3, δ,
ppm): 14.4, 23.0, 26.8, 30.2, 31.8, 41.6, 112.2, 151.8, 154.2.
5.3.8 Benzene-1,3,5-triyl tris(octylcarbamate) 14
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 1-isocyanatooctane (0.48 g, 3 mmol) and TEA (0.61 g, 6 mmol) in 30 mL
of THF. The mixture was stirred at room temperature for 5 minutes. Phloroglucinol (0.13
g, 1 mmol) in 5 mL of THF was added drop wise for 5 minutes. Then the mixture was
refluxed for 21 hours. The mixture was concentrated by evaporating the solvent with a
rotavapor and precipitated in 250 mL of hexane. The solid product filtered. The title
compound 17 (Mp 132-134 °C) was obtained as a white solid (0.45 g, 78%) by filtration.
1

H NMR (CDCl3, δ, ppm): 0.91 (t, J = 7.1 Hz, 9H), 1.31-1.53 (m, 36H), 3.25 (m, 6H),
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5.09 (s, 3H), 6.86 (s, 3H); 13C{1H} NMR(CDCl3, δ, ppm): 14.4, 23.0, 27.1, 29.6, 30.1,
32.2, 41.7 112.2, 151.8, 154.2.
5.3.9 Benzene-1,3,5-triyl tris(cyclohexylcarbamate) 15
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with isocyanatocyclohexane (0.76 g, 6.3 mmol) and a catalytic amount of TEA
(4-6 drops) in 5mL of THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added drop wise for 5 minutes.
Then the mixture was refluxed for 22 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mL of ice cold water.
The solid product was filtered. The title compound 15 (Mp 210-212 °C) was obtained as
a white solid (0.80 g, 80%) by filtration. 1H NMR (DMSO-d6, δ, ppm): 1.11-1.24 (m,
12H), 1.56-1.82 (m, 18H), 3.52 (m, 3H), 6.71 (s, 3H), 7.77 (s, 3H); 13C{1H}
NMR(DMSO-d6, δ, ppm): 24.9, 25.4, 32.8, 50.2, 112.1, 151.8, 155.1; IR (Nujol, ν, cm-1)
3325, 3288, 2924, 1712, 1527, 1459, 1143, 1031; HRMS (ESI) calcd for C27H40N3O6
(M+H+) 502.2917, found 502.2911, (M+NH4+) calcd 519.3182, found 519.3177.
5.3.10 Benzene-1,3,5-triyl tris(isopropylcarbamate) 16
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 2-isocyanatopropane (0.60 g, 7 mmol) and a catalytic amount of TEA (4-6
drops) in 10 mL of THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added drop wise for 10 minutes.
Then the mixture was refluxed for 25 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mL of ice cold water.
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The solid product filtered on a Buchner funnel and washed several times with deionized
water. The title compound 16 (Mp 206-208 °C) was obtained as a white solid (0.70 g,
92%) by filtration. 1H NMR (DMSO-d6, δ, ppm): 1.13 (d, J = 6.7 Hz, 18H), 3.68 (m,
3H), 6.73 (d, J = 7.8 Hz, 3H), 7.76 (s, 3H); 13C{1H} NMR (DMSO-d6, δ, ppm): 32.7,
43.1, 112.2, 151.8, 153.1; IR (Nujol, ν, cm-1) 3379, 3332, 2923, 2853, 1708, 1535, 1458,
1376, 1252, 1126, 1047.
5.3.11 Benzene-1,3,5-triyl tris(tert-butylcarbamate) 17
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 2-isocyanato-2-methylpropane (0.64 g, 6.2 mmol) and a catalytic amount of
TEA (4-6 drops) in 10 mL of THF. The mixture was stirred at room temperature for 5
minutes. Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added drop wise for 5
minutes. Then the mixture was refluxed for 22 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mL of ice cold water.
The solid product filtered on a Buchner funnel and washed several times with deionized
water. The title compound 17 (Mp 190-193 °C) was obtained as a white solid (0.50 g,
59%) by filtration. 1H NMR (DMSO-d6, δ, ppm): 1.28 (s, 27H), 6.66 (s, 3H), 7.63 (s,
3H); 13C{1H} NMR (DMSO-d6, δ, ppm): 12.7, 50.3, 112.2, 152.2, 151.7; IR (Nujol, ν,
cm-1) 3310, 2923, 1739, 1693, 1530, 1457, 1131, 1033.
5.3.12 Benzene-1,3,5-triyl tris(furan-2-ylmethylcarbamate) 18
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 1-(isocyanatomethyl) cyclopenta-1,3-diene (0.78 g, 6.3 mmol) and a
catalytic amount of TEA (4-6 drops) in 10 mL of THF. The mixture was stirred at room
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temperature for 5 minutes. Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added
drop wise for 10 minutes. Then the mixture was refluxed for 20 hours. The mixture was
concentrated by evaporating the solvent with a rotavapor and precipitated in 250 mL of
ice cold water. The solid product filtered on a Buchner funnel and washed several times
with deionized water. The title compound 18 (Mp 151-153 °C) was obtained as a white
solid (0.51 g, 52%) by filtration. 1H NMR (DMSO-d6, δ, ppm): 4.25 (m, 6H), 6.30 (m,
3H), 6.41 (m, 3H), 6.79 (s, 3H), 7.59 (s, 3H); 13C{1H} NMR (DMSO-d6, δ, ppm): 36.7,
94.4, 106.5, 110.7, 142.2, 153.9, 157.7, 159.2.
5.3.13 Benzene-1,3,5-triyl tris(3,4,5-trimethoxybenzylcarbamate) 19
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 5-(isocyanatomethyl)-1,2,3-trimethoxybenzene (0.67 g, 3 mmol) and a
catalytic amount of TEA (4-6 drops) in 10 mL of THF. The mixture was stirred at room
temperature for 5 minutes. Phloroglucinol (0.12 g, 1 mmol) in 5 mL of THF was added
drop wise for 5 minutes. Then the mixture was refluxed for 16 hours. The crude product
was purified by column chromatography using EtOAc:hexane (8:2) as eluent. The title
compound 19 (Mp 73-75 °C) was obtained as a white solid (0.57 g, 72%). 1H NMR
(DMSO-d6, δ, ppm): 3.78 (s, 27H), 4.22 (d, J = 6.3 Hz, 6H), 6.64 (s, 6H), 6.83 (s, 3H),
8.35 (t, J = 5.9 Hz, 3H); 13C{1H} NMR (DMSO-d6, δ, ppm): 44.6, 56.1, 60.3, 104.7,
104.8, 112.5, 134.9, 136.8, 151.8, 153.2, 154.3.
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5.3.14 Benzene-1,3,5-triyl tris(2-(benzo[d][1,3]dioxol-5-yl)ethylcarbamate) 20
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with 5-(2-isocyanatoethyl)benzo[d][1,3]dioxole (0.98 g, 5.1 mmol) and a
catalytic amount of TEA (4-6 drops) in 10 mL of THF. The mixture was stirred at room
temperature for 5 minutes. Phloroglucinol (0.21 g, 1.7 mmol) in 5 mL of THF was added
drop wise over 2 minutes. Then the mixture was refluxed for 26 hours. The mixture was
concentrated by evaporating the solvent with a rotavapor and precipitated in 250 mL of
hexane. The title compound 20 (Mp 163-165°) was obtained as a white solid (1.15 g,
97%) by filtration. 1H NMR (DMSO-d6, δ, ppm): 2.70 (t, J = 7.0 Hz, 6H), 3.24 (m, 6H),
5.96 (s, 6H), 6.66-6.71 (m, 6H), 6.82 (m, 6H), 7.87 (m, 3H); 13C{1H} NMR (DMSO-d6, δ,
ppm): 35.2, 42.6, 104.0, 108.4, 109.4, 112.2, 121.9, 133.2, 145.9, 147.5, 151.7, 154.0.
5.3.15 Benzene-1,3,5-triyl tris(benzylcarbamate) 21
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with (isocyanatomethyl)benzene (1.63 g, 12.3 mmol) and a catalytic amount of
TEA (4-6 drops) in 10 mL of THF. The mixture was stirred at room temperature for 5
minutes. Phloroglucinol (0.50 g, 4 mmol) in 5 mL of THF was added drop wise over 5
minutes. Then the mixture was refluxed for 18 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mL of ice cold water.
The solid product filtered on a Buchner funnel and washed several times with deionized
water. The title compound 21 (Mp 193-195°) was obtained as a white solid (1.51 g, 73%)
by filtration. 1H NMR (DMSO-d6, δ, ppm): 4.29 (m, 6H), 6.83 (s, 3H), 7.28-7.35 (m,
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15H), 8.40 (s, 3H); 13C{1H} NMR (DMSO-d6, δ, ppm): 44.4, 112.58, 127.3, 127.5, 128.7,
139.4, 151.8, 154.4.
5.3.16 Triethyl 2,2',2''-(benzene-1,3,5 triyltris(oxy)) tris(oxomethylene)
tris(azanediyl)triacetate 22
A flame dried 50 mL round bottom flask equipped with a magnetic stir bar was
charged with ethyl 2-isocyanatoacetate (0.77 g, 6 mmol) and a catalytic amount of TEA
(4-6 drops) in 10 mL of THF. The mixture was stirred at room temperature for 5 minutes.
Phloroglucinol (0.25 g, 2 mmol) in 5 mL of THF was added drop wise for 5 minutes.
Then the mixture was refluxed for 21 hours. The mixture was concentrated by
evaporating the solvent with a rotavapor and precipitated in 250 mL of ice cold water.
The solid product filtered on a Buchner funnel and washed several times with deionized
water. The title compound 22 (Mp 123-125°) was obtained as a white solid (0.73 g, 71%)
by filtration. 1H NMR (CDCl3, δ, ppm): 1.32 (t, J = 7.1 Hz, 9H), 4.04 (m, 6H), 4.26 (m,
6H), 5.55 (m, 3H), 6.91 (s, 3H); 13C{1H} NMR(CDCl3, δ, ppm): 14.5, 43.2, 62.1, 112.1,
151.6, 153.9, 169.2.
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APPENDIX
SELECTED SPECTRA
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Figure 12. 1H NMR spectrum of (2E,4E)-hexa-2,4-dienoyl chloride 1.

59

13

C{1H} NMR

Figure 13. 13C{1H}NMR spectrum of (2E,4E)-hexa-2,4-dienoyl chloride 1.
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Figure 14. 1H NMR spectrum of (2E,2′E,4E,4′E)-N,N′-(1,4-phenylene) dihexa-2,4dienamide 2.
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Figure 15. 13C{1H} NMR spectrum of (2E,2′E,4E,4′E)-N,N′-(1,4-phenylene) dihexa-2,4dienamide 2.
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Figure 16. 1H NMR spectrum of (2E,2′E,4E,4′E)-N,N′-(ethane-1,2-diyl) dihexa-2,4dienamide 3.
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Figure 17. 13C{1H} NMR spectrum of (2E,2′E,4E,4′E)-N,N′-(ethane-1,2-diyl) dihexa-2,4dienamide 3.
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Figure 18. 1H NMR spectrum of di(2E, 4E)-hexa-2, 4-dienyl 1, 4-phenylenedicarbamate 4.
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Figure 19. 13C{1H} NMR spectrum of di(2E, 4E)-hexa-2, 4-dienyl 1, 4phenylenedicarbamate 4.
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Figure 20. 1H NMR spectrum of di(2E, 4E)-hexa-2, 4-dienyl cyclohexane-1, 4diyldicarbamate 5.
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Figure 21. 13C{1H} NMR spectrum of di(2E, 4E)-hexa-2, 4-dienyl cyclohexane-1, 4diyldicarbamate 5.
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Figure 22. 1H NMR spectrum of di(2E, 4E)-hexa-2, 4-dienyl hexane-1, 6-diyldicarbamate
6.
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Figure 23. 1H NMR spectrum of N,N′,N′′-tripropylbenzene-1,3,5-tricarboxamide 7.
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Figure 24. 1H NMR spectrum of N,N′,N′′-triallylbenzene-1,3,5-tricarboxamide 8.
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Figure 25. 1H NMR spectrum of N,N′,N′-tri(but-3-enyl)benzene-1,3,5-tricarboxamide 9.
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Figure 26. 13C{1H} NMR spectrum of N,N′,N′-tri(but-3-enyl)benzene-1,3,5tricarboxamide 9.
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Figure 27. 1H NMR spectrum of benzene-1,3,5-triyl tris(propylcarbamate) 10.
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Figure 28. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(propylcarbamate) 10.
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Figure 29. IR spectrum of benzene-1,3,5-triyl tris(propylcarbamate) 10.
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Figure 30. HRMS spectrum of benzene-1,3,5-triyl tris(propylcarbamate) 10.
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Figure 31. 1H NMR spectrum of benzene-1,3,5-triyl tris(allylcarbamate) 11.
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Figure 32. 1H NMR spectrum of benzene-1,3,5-triyl tris(butylcarbamate) 12.
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Figure 33. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(butylcarbamate) 12.
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Figure 34. IR spectrum of benzene-1,3,5-triyl tris(butylcarbamate) 12.

81

1

H NMR

Figure 35. 1H NMR spectrum of benzene-1,3,5-triyl tris(hexylcarbamate) 13.
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Figure 36. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(hexylcarbamate) 13.
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Figure 37. 1H NMR spectrum of benzene-1,3,5-triyl tris(octylcarbamate) 14.
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Figure 38. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(octylcarbamate) 14.
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Figure 39. 1H NMR spectrum of benzene-1,3,5-triyl tris(cyclohexylcarbamate) 15.
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Figure 40. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(cyclohexylcarbamate) 15.
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Figure 41. IR spectrum of benzene-1,3,5-triyl tris(cyclohexylcarbamate) 15.
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Figure 42. HRMS spectrum of benzene-1,3,5-triyl tris(cyclohexylcarbamate) 15.
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Figure 43. 1H NMR spectrum of benzene-1,3,5-triyl tris(isopropylcarbamate) 16.
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Figure 44. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(isopropylcarbamate) 16.
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Figure 45. IR spectrum of benzene-1,3,5-triyl tris(isopropylcarbamate) 16.
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Figure 46. 1H NMR spectrum of benzene-1,3,5-triyl tris(tert-butylcarbamate) 17.
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Figure 47. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(tert-butylcarbamate) 17.
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Figure 48. IR spectrum of benzene-1,3,5-triyl tris(tert-butylcarbamate) 17.
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Figure 49. 1H NMR spectrum of benzene-1,3,5-triyl tris(furan-2-ylmethylcarbamate) 18.
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Figure 50. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(furan-2-ylmethylcarbamate)
18.
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Figure 51. 1H NMR spectrum of benzene-1,3,5-triyl tris(3,4,5-trimethoxy benzyl
carbamate) 19.
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Figure 52. 13C NMR spectrum of benzene-1,3,5-triyl tris(3,4,5-trimethoxy benzyl
carbamate) 19.
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Figure 53. 1H NMR spectrum of benzene-1,3,5-triyl tris(2-(benzo[d][1,3]dioxol-5yl)ethylcarbamate) 20.
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Figure 54. 13C NMR spectrum of benzene-1,3,5-triyl tris(2-(benzo[d][1,3]dioxol-5
yl)ethylcarbamate) 20
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Figure 55. 1H NMR spectrum of benzene-1,3,5-triyl tris(benzylcarbamate) 21.
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Figure 56. 13C{1H} NMR spectrum of benzene-1,3,5-triyl tris(benzylcarbamate) 21.
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Figure 57. 1H NMR spectrum of triethyl 2,2',2''-(benzene-1,3,5 triyltris(oxy))
tris(oxomethylene) tris(azanediyl)triacetate 22.
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Figure 58. 13C{1H} NMR spectrum of triethyl 2,2',2''-(benzene-1,3,5 triyltris(oxy))
tris(oxomethylene)tris(azanediyl)triacetate 22.
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